Climate data are publicly available for researchers at National Oceanic and Atmospheric Administration website (<https://www.noaa.gov/>); Dengue data are available from the National Institute of Hygiene and Epidemiology, Vietnam upon request for researchers via e-mail (<phamquangthai@gmail.com>) who meet the criteria for accessing confidential data since public deposition would breach compliance with the protocol approved by the ethics board.

Introduction {#sec004}
============

As the most common mosquito-borne viral disease of public health significance, dengue affects more than 126 countries and costs billions of US dollars each year \[[@pntd.0007997.ref001], [@pntd.0007997.ref002]\]. Vector control remains the most viable approach to curb the transmission of dengue. However, vector control measures seem unable to stem the rising number of arbovirus epidemics and the spatial spread of endemic transmission \[[@pntd.0007997.ref001], [@pntd.0007997.ref003]\]. The underlying drivers of dengue transmission have been investigated previously and include increased air travel and trade and urban crowding \[[@pntd.0007997.ref004], [@pntd.0007997.ref005]\]. The impacts of weather conditions on dengue occurrence is attracting extensive interest among the research community and policy makers, especially in the context of climate change \[[@pntd.0007997.ref006]--[@pntd.0007997.ref009]\].

Increasing epidemiological and experimental evidence points to a link between outdoor temperature and dengue incidence \[[@pntd.0007997.ref006], [@pntd.0007997.ref010]--[@pntd.0007997.ref014]\]. The exposure-response association between temperature and dengue incidence is characterised as a bell shape, with the risk of dengue peaking at an optimal temperature, also referred to as the inflection point \[[@pntd.0007997.ref011], [@pntd.0007997.ref014]\]. Dengue incidence has apparent seasonal pattern, but previous studies looking at short-term temperature effects on dengue incidence mainly included all dengue cases during study period or peaking period \[[@pntd.0007997.ref011], [@pntd.0007997.ref014]\], making it hard to know the relative contribution of temperature to different sizes of dengue outbreaks. Because dengue outbreaks within a region can vary in terms of the timing, magnitude and duration, it is necessary to examine temperature-dengue associations during different outbreak periods and estimate temperature-related dengue burden.

High temperatures during heatwaves can suppress the replication of virus and activity among mosquitoes, as well as alter human behaviours that are not favourable to transmission or spread of dengue. For instance, a recent study suggested that during a heatwave, high temperature actually had an inhibitive effect on mosquito abundance \[[@pntd.0007997.ref015]\]. However, there is evidence that the epidemics or outbreaks of some vector-borne diseases such as West Nile fever could happen several weeks or months after heatwaves \[[@pntd.0007997.ref016]--[@pntd.0007997.ref018]\]. Some studies also reported an potential association of weather extremes such as El Niño event and extreme hot summer with higher dengue incidence rate and dengue outbreaks \[[@pntd.0007997.ref009], [@pntd.0007997.ref019], [@pntd.0007997.ref020]\]. The available evidence indicates that there might be an association between heatwaves and dengue occurrence. A heatwave is referred to a sustained period (days to weeks) of extreme high temperature \[[@pntd.0007997.ref021]\], which is different from previously studied weather extremes (El Niño event and extreme hot summer) that describe a weather condition within a longer time period such as the whole year and the whole summer \[[@pntd.0007997.ref009], [@pntd.0007997.ref019], [@pntd.0007997.ref020]\]. As a result of climate change of 21st century, heatwaves will become more frequent, more intensive and longer-lasting, making it urgent to investigate the impact of heatwaves on dengue outbreaks \[[@pntd.0007997.ref007], [@pntd.0007997.ref008]\].

In this study, we collected the dengue data in Hanoi, Vietnam, a hot spot for dengue transmission in Asia-Pacific area \[[@pntd.0007997.ref022]\]. The aims of this study were to characterize and compare short-term associations between temperature and dengue infection during different outbreak periods; to estimate the extent to which dengue cases can be attributed to temperature; and to ascertain if there is a link between heatwaves and subsequent dengue outbreaks.

Methods {#sec005}
=======

Ethics statement {#sec006}
----------------

This study was approved by University Human Research Ethics Committee of Queensland University of Technology (1800000058).

Study location {#sec007}
--------------

Hanoi, the capital of Vietnam, features a subtropical climate with plentiful rainfall and has 7.3 million population with a population density of 2,182 persons per km^2^ in 2016 (<https://www.gso.gov.vn/default_en.aspx?tabid=774>). Historically, there was an increase of 1.38% per year in the dengue incidence over the period 1999--2008 in Hanoi \[[@pntd.0007997.ref023]\] and local temperature plays a role in affecting dengue incidence \[[@pntd.0007997.ref022]\].

Data collection {#sec008}
---------------

We collected weekly number of dengue cases for all the districts of Hanoi, Vietnam during 2008--2016 from Hanoi Center for Preventive Medicine. There were no missing data for any week over the study period. Daily records of maximum temperature, minimum temperature, and rainfall for Hanoi over the same period were obtained from the National Oceanic and Atmospheric Administration (<https://www.noaa.gov/>). For the data analysis, we used the weekly mean temperature calculated by averaging the maximum and minimum temperatures within a week as the exposure index to investigate the temperature effects on dengue incidence \[[@pntd.0007997.ref006], [@pntd.0007997.ref014]\]. There is also evidence that short-term temperature variation can affect dengue virus transmission \[[@pntd.0007997.ref010]\]. Weekly temperature variation was calculated from the standard deviation of daily mean temperature within a week \[[@pntd.0007997.ref024]\].

Definitions of dengue outbreaks and heatwaves {#sec009}
---------------------------------------------

Although there are many previous studies focusing on dengue outbreaks, the existing definition for dengue outbreaks is mixed \[[@pntd.0007997.ref025]\]. Importantly, different definitions could result in inconsistent findings on the dengue outbreak characteristics in terms of frequency and duration \[[@pntd.0007997.ref025]\]. To ease the interpretation of effect estimates, we employed an easy-to-understand approach to defining dengue outbreaks \[[@pntd.0007997.ref012]\]. Specifically, dengue outbreaks were classified into three levels: small, medium, and large. Small outbreaks were defined as weekly total number of dengue cases above the 50th percentile but below 75th percentile of weekly dengue distribution during the study period, medium outbreaks as weekly total number of dengue cases above the 75th percentile but below 90th percentile of weekly dengue distribution, and large outbreaks as weekly total number of dengue cases above 90th percentile of weekly dengue distribution. Moreover, some other definitions with different thresholds for small (55th and 60th percentiles), medium (70th and 77th percentiles) and large (91st and 92nd percentiles) outbreaks were also used to check the robustness of our findings.

Similarly, there has been no globally accepted \"heatwave\" definition \[[@pntd.0007997.ref026]\], and we defined a heatwave with the combination of intensity and duration of heat. This method has been used in our previous studies \[[@pntd.0007997.ref021], [@pntd.0007997.ref026]\]. Specifically, a heatwave was defined as seven or more days with temperature above the 95th percentile of daily temperature distribution during the study period. To avoid the possibility that using one heatwave definition generates significant results by chance, we also tested other heatwave definitions (seven or more days with temperature exceeding 90th percentile of daily temperature distribution; two or more days with temperature exceeding 99th percentile of daily temperature distribution; and three or more days with temperature exceeding 99th percentile of daily temperature distribution) in the sensitivity analysis.

Statistical methods {#sec010}
-------------------

Our data analysis consisted of three stages. In the first stage, we fitted the association between weekly mean temperature and weekly total number of dengue cases using a negative binomial generalized linear model combined with a distributed lag non-linear model \[[@pntd.0007997.ref006], [@pntd.0007997.ref027], [@pntd.0007997.ref028]\]. Because short-term temperature variation (e.g., diurnal temperature range) and rainfall were found to have impacts on dengue incidence \[[@pntd.0007997.ref014], [@pntd.0007997.ref027]\], to consider the influence of confounders, we included in the model weekly temperature variation and weekly average rainfall, both using a natural cubic spline smoothing function with three degrees of freedom. To control for the long-term trend, we included "year" as a categorical variable in the model. An auto-regressive term for weekly total number of dengue cases was also incorporated in regression model, because the observed weekly counts are unlikely to be independent. Additionally, each year's population in log scale were also included in the model as an offset to control for potential confounding effect of demographic shifts over time.

To allow for the non-linear relationship between temperature and dengue risk, we used a natural cubic spline smoothing function for temperature. The degree of freedom for smoothing function was determined by the lowest Akaike's information criterion (AIC) value of the model. Considering the incubation period (1--2 weeks) of dengue infection \[[@pntd.0007997.ref014], [@pntd.0007997.ref029]\], in addition to the first week modelling of temperature-dengue relationship, we also used a lag of one week to track the short-term delayed effect of temperature on dengue occurrence. To measure the size of temperature effects, we chose 18°C as the reference to calculate the relative risk (RR) and 95% confidence interval (CI) for different temperature points. The reason for this choice was because previous study found that dengue transmission can occur between 18°C and 34°C \[[@pntd.0007997.ref013]\]. This analysis (first stage) was repeated for different levels of dengue outbreaks. The goodness-of-fit of model was validated via checking the distribution and auto-correlation of model residuals ([S1](#pntd.0007997.s001){ref-type="supplementary-material"}--[S3](#pntd.0007997.s003){ref-type="supplementary-material"} Figs).

In the second stage, we estimated the extent to which dengue cases were attributable to temperature following the method in our previous work \[[@pntd.0007997.ref021], [@pntd.0007997.ref030]\]. Relevant estimates were reported as attributable fraction and attributable number. This analysis was mainly used to compare the relative contribution of temperature to different levels of dengue outbreaks.

In the third stage, we fitted the association between heatwaves and dengue cases using a negative binomial generalized linear model. Similar to our previous analyses \[[@pntd.0007997.ref021]\], heatwaves were included as the binary variable (\'1\' if a heatwave occurred in a week, otherwise, \'0\' was specified). Except for the temperature, all the confounders in the first-stage analysis were controlled for here.

To explore if heatwaves affect the magnitude of dengue outbreaks, we compared the weekly number of dengue cases across different outbreak levels in years with and without heatwaves using Wilcoxon signed-rank test. For years without heatwave, all outbreak weeks were selected, whereas for years with heatwave, we only selected outbreak weeks after heatwaves. Considering the delayed effect of heatwaves, we also limited the selection of outbreak weeks to the period several weeks after heatwaves; according to the third-stage analysis, the week(s) at which the delayed effect of heatwaves was significant was selected.

All statistical analyses were conducted in R software (version 3.4.0). The packages "dlnm" and "MASS" were used to construct the negative binomial regression model.

Results {#sec011}
=======

This study included 55,801 dengue cases, with an average of 119 (range: 0--1,454) cases per week. Of these, 12.7% were from small outbreaks, 22.9% were from medium outbreaks, and 59.9% were from large outbreaks. [Fig 1](#pntd.0007997.g001){ref-type="fig"} shows the weekly distributions of dengue cases, temperature, and heatwaves. According to the aforementioned definition of dengue outbreaks, small outbreaks occurred in all years and medium outbreaks in eight out of nine years, except the year 2012. Large dengue outbreaks were observed in five out of nine years, with successive occurrence in the first two and the last two years. The average value of weekly mean temperature was 24.3°C (range: 10.2--33.1°C). When defining the heatwave as seven or more days with temperature above the 95th percentile of daily temperature distribution, heatwaves were observed only in 2010 and 2015. Many more heatwaves were seen when defining the heatwave as two or more days with temperature above the 99th percentile of daily temperature distribution.

![The weekly distribution of dengue cases, temperature and heatwaves in Hanoi, Vietnam, 2008--2016.\
(A) Weekly dengue cases were categorized into non-outbreak (grey points), small outbreak (green points), medium outbreak (yellow points) and large outbreak (red points); (B) and (C) used two heatwave definitions:: two or more days with temperature exceeding 99th percentile of daily temperature distribution (B) and seven or more days with temperature exceeding 95th percentile of daily temperature distribution (C).](pntd.0007997.g001){#pntd.0007997.g001}

[Fig 2](#pntd.0007997.g002){ref-type="fig"} shows the short-term exposure-response relationship between temperature and dengue risk. Within the first week of temperature change ([Fig 2A and 2E](#pntd.0007997.g002){ref-type="fig"}), there was a bell shape curve for small and large outbreaks, namely the risk of dengue continually increased up to a temperature threshold (i.e., inflection point) and then started to decrease. No inflection point was observed for medium outbreaks ([Fig 2C](#pntd.0007997.g002){ref-type="fig"}). The largest effect estimates for small, medium and large outbreaks were seen at 24.1°C (RR: 1.40; 95%CI: 1.22--1.61), 33.1°C (RR: 1.83; 95%CI: 1.09--3.08), and 22.6°C (RR: 1.85; 95%CI: 1.44--2.39), respectively.

![Exposure-response relationship between temperature and risk of dengue.\
(A--F): Black lines indicate the relative risk and the shaded area the 95% confidence interval; dotted lines are the threshold temperature with the highest relative risk. Confounders included in the model in (A--F) are weekly temperature variation, weekly average rainfall, long-term trend, an auto-regressive term, and each year's population in log scale.](pntd.0007997.g002){#pntd.0007997.g002}

After considering the delayed effect of temperature (one week lag), a broadly linear relationship between temperature and dengue risk was observed for medium and large outbreaks ([Fig 2D and 2F](#pntd.0007997.g002){ref-type="fig"}). The largest effect estimates were at 33.1°C for both medium (RR: 2.92 95%CI: 1.80--4.75) and large outbreaks (RR: 1.90; 95%CI: 1.31--2.76), which is different from that for small outbreaks at 23.8°C (RR: 2.26; 95%CI: 1.78--2.86) ([Fig 2B](#pntd.0007997.g002){ref-type="fig"}).

Regarding other weather variables, the association of dengue risk with rainfall and weekly temperature variation was not observed, except for rainfall increases within the first week that were associated with higher dengue risk during medium outbreaks ([S4](#pntd.0007997.s004){ref-type="supplementary-material"} and [S5](#pntd.0007997.s005){ref-type="supplementary-material"} Figs).

[Fig 3](#pntd.0007997.g003){ref-type="fig"} presents the estimated attributable components for temperature during different dengue outbreak periods. For large dengue outbreaks ([Fig 3A, 3B and 3C](#pntd.0007997.g003){ref-type="fig"}), temperature within the first week was responsible for 18.5% of total cases, corresponding to 1,148.1 cases or 16.7 cases per 100,000 people. Similar figures were seen for the temperature impacts one week later ([Fig 3D, 3E and 3F](#pntd.0007997.g003){ref-type="fig"}). However, much smaller figures were estimated for small and medium outbreaks. For example, only 1.1% of total cases or 70.6 cases or 1 case per 100,000 people were attributable to temperature during small dengue outbreaks.

![Estimated attributable dengue cases for temperature, reported as attributable fraction, attributable number, and rate (per 100,000 people).\
(A--C) did not consider the lag effects of temperature; (D--F) considered one week lag effects of temperature.](pntd.0007997.g003){#pntd.0007997.g003}

[Fig 4](#pntd.0007997.g004){ref-type="fig"} reports the estimated risk of dengue associated with heatwaves. Significant increases in dengue incidence were observed at lag 7 (RR: 1.47, 95%CI: 1.05--2.05) and lag 9 (RR: 1.51, 95%CI: 1.03--2.19) for small outbreaks, and at lag 7 (RR: 1.41, 95%CI: 1.04--1.91) for medium outbreaks. Much longer delayed effects on large outbreaks were seen at lag 14 (RR: 1.47, 95%CI: 1.08--1.99).

![Estimated relative risk of heatwaves on dengue incidence during different outbreaks.\
(A--C): Heatwaves were defined as seven or more days with temperature exceeding 95th percentile of daily temperature distribution.](pntd.0007997.g004){#pntd.0007997.g004}

[Fig 5](#pntd.0007997.g005){ref-type="fig"} compared the magnitude of dengue outbreaks in years with and without heatwaves. Higher weekly number of dengue cases in heatwave years than in non-heatwave years was observed for small outbreak when considering all outbreak weeks after heatwave (*p*\<0.05) ([Fig 5A](#pntd.0007997.g005){ref-type="fig"}), as well as for small and moderate outbreaks after considering delayed effects of heatwave (*p*\<0.05) ([Fig 5B](#pntd.0007997.g005){ref-type="fig"}). In both cases, heatwave years consistently saw higher weekly number of dengue cases for all outbreaks (i.e., small, moderate and large outbreaks combined) (*p*\<0.05).

![Comparison of magnitude of small, medium and large outbreaks in years with and without heatwaves.\
(A and B): Comparisons were made using four heatwave definitions (seven or more days with temperature exceeding 95th percentile of daily temperature distribution; seven or more days with temperature exceeding 90th percentile of daily temperature distribution; two or more days with temperature exceeding 99th percentile of daily temperature distribution; three or more days with temperature exceeding 99th percentile of daily temperature distribution); (A and B): ns indicates nonsignificant, p\>0.05; \* indicates p\<0.05; \*\*\*\* indicates p\<0.001.](pntd.0007997.g005){#pntd.0007997.g005}

To check the robustness of our findings, we performed several sensitivity analyses. Different thresholds to define the level of dengue outbreaks and different heatwave definitions were used, which generated similar results ([S6](#pntd.0007997.s006){ref-type="supplementary-material"} and [S7](#pntd.0007997.s007){ref-type="supplementary-material"} Figs).

Discussion {#sec012}
==========

This study found that short-term exposure-response relationship between temperature and dengue incidence not only was non-linear but also differed between the categories of outbreak size. Comparatively, temperature had the greatest impacts on large dengue outbreaks, with an estimated 21.9% of total cases or 19.8 cases per 100,000 people attributable to the delayed effects of temperature (one week lag). Moreover, we found a significant association between heatwaves and dengue outbreaks, with longer delayed effects on large outbreaks than small and medium outbreaks. Heatwaves not only delay the timing of dengue outbreaks but also increase its magnitude.

In the past decades, dengue outbreaks have reached many regions of the world and temperature has been asserted as an important driver of dengue transmission \[[@pntd.0007997.ref006], [@pntd.0007997.ref012], [@pntd.0007997.ref031]--[@pntd.0007997.ref033]\]. Although existing epidemiological and experimental studies have well-documented non-linear relationship between temperature and dengue incidence or transmission \[[@pntd.0007997.ref011], [@pntd.0007997.ref014]\], little is known about temperature effects on different levels of outbreaks. The present study demonstrated distinct non-linear relationships across the level of dengue outbreaks. Temperature threshold is an important feature of non-linear relationship \[[@pntd.0007997.ref014]\]. For both small and medium outbreaks, thresholds were relative stable, while a larger range was observed for large outbreaks ([Fig 2](#pntd.0007997.g002){ref-type="fig"}). The underlying reasons for this inconsistency are hard to know because the drivers behind dengue transmission are multifaceted (e.g., temperature, relative humidity, population mobility, population of virus-infected mosquitoes, etc.). Nevertheless, the identified temperature thresholds could be used to tailor the local public health measures such as health resource allocation and tiered early warning systems in response to different levels of outbreaks \[[@pntd.0007997.ref014]\].

So far, few studies have assessed temperature-related dengue burden, measured as attributable fraction, attributable number or disability-adjusted life years \[[@pntd.0007997.ref030]\]. Burden of disease assessment considers health-related information such as relative risk and prevalence of exposure among population, which is different from the widely used risk assessment like relative risk or odds ratio that is inadequate to reflect the magnitude of health impacts of temperature \[[@pntd.0007997.ref030]\]. Using a widely used approach in the field of climate change and burden of disease \[[@pntd.0007997.ref030], [@pntd.0007997.ref034]\], we found that temperature was responsible for a large number of dengue cases, with more temperature-related cases from large outbreaks. In other words, temperature may play an important role in affecting dengue outbreaks, especially the large outbreaks. It thus can be expected that rising temperature in the context of global warming will lead to more dengue cases or outbreaks in the absence of effective countermeasures \[[@pntd.0007997.ref006], [@pntd.0007997.ref012]\]. It would be beneficial to consider the contribution of temperature for policy-makers when developing dengue burden mitigation strategies---an effective dengue forecasting system based on reliable temperature data would undeniably benefit public health \[[@pntd.0007997.ref012]\]. Hence, more of such efforts are required to assess the association between dengue burden and temperature so as to deepen our understanding of climate change impacts. Cost-effectiveness of developing and implementing early warning system that incorporates the short-term effects of temperature is a pressing future research area.

Heatwave weather is a well-recognised risk factors for health, such as increasing total, cardiovascular and respiratory mortality \[[@pntd.0007997.ref021], [@pntd.0007997.ref030]\]. There is also growing attention to heatwaves and vector-borne diseases \[[@pntd.0007997.ref016]--[@pntd.0007997.ref018]\]. For example, West Nile Virus outbreaks in Romania (1996), New York City (1999) and Israel (2000) were recorded after a heatwave \[[@pntd.0007997.ref016], [@pntd.0007997.ref017]\]. Researchers also reported an potential association of weather extremes such as extreme hot summer and El Niño events (favouring the occurrence of heatwaves) with higher dengue incidence rate or dengue outbreaks \[[@pntd.0007997.ref019], [@pntd.0007997.ref020], [@pntd.0007997.ref035]\]. Here, we observed that large dengue outbreaks in years 2009, 2015, and 2016 occurred several weeks after heatwaves ([Fig 1B](#pntd.0007997.g001){ref-type="fig"}). The delayed effects of temperature on non-infectious diseases have been well documented in the literature \[[@pntd.0007997.ref036], [@pntd.0007997.ref037]\]; similarly, it may take some time to observe the effects of heatwaves on dengue outbreaks. A series of several processes link anomalous temperature extremes with outbreaks: following the initially negative effects of heatwaves decreasing local mosquito populations \[[@pntd.0007997.ref015]\], weather conditions occur that are favourable for mosquito growth and reproduction \[[@pntd.0007997.ref038]\], ultimately resulting in an accumulation of dengue infection and outbreaks. The hypothesis for the linkage of heatwaves and subsequent dengue outbreaks was further statistically tested in the present study. Interestingly, we found evidence of significant adverse effects of heatwaves ([Fig 4](#pntd.0007997.g004){ref-type="fig"}). Noticeably, heatwaves had a much longer delayed effect on large dengue outbreaks than small and medium outbreaks, which was also validated by the sensitivity analyses using different heatwave definitions ([S7 Fig](#pntd.0007997.s007){ref-type="supplementary-material"}). Moreover, we observed higher weekly number of dengue cases for all types of outbreaks (i.e., small, moderate and large outbreaks combined) in years with heatwave than in years without heatwave. These findings may suggest that not only have heatwaves delayed the timing of dengue outbreak but also increased the magnitude of outbreak. When heatwaves are predicted to happen, proactive measures should be taken to prevent the upcoming dengue outbreaks or reduce its impacts. Because small and medium heatwaves are more likely to happen in the first few weeks after heatwaves and large dengue outbreaks may happen several months after heatwaves, different levels of early warning and response measures should be in place at different time periods to take full advantage of limited public health resources and minimize the negative consequence of heatwaves.

Potential mechanisms for heatwaves and subsequent sudden increases in dengue cases are unclear. One possible explanation is that long-lasting high temperatures affect the mosquito population. High temperatures during heatwaves may exceed the threshold for mosquito survival and mosquito population would be greatly reduced \[[@pntd.0007997.ref015]\]. However, the later temperature drops and high humidity in the region under study will provide opportunities for the further development of mosquito larvae or pupae, finally resulting in mosquito population abundance. This assumption is supported by a model simulation study suggesting that hot temperatures result into delayed mosquito outbreaks in Thailand \[[@pntd.0007997.ref038]\]. It may be possible, albeit not yet been demonstrated, that after heatwaves weather conditions return to normal such as high humidity and appropriate temperature, which are favourable for the development of dengue virus (reduced extrinsic incubation period). Another reason may be related to the change in human activities during and after heatwaves; lower temperature after heatwaves will encourage people to spend more time outside, increasing the likelihood of being bitten by mosquitoes. Unfortunately, previous mechanistic research solely focused on identifying the preferable temperature range for mosquitoes from the whole range of temperature \[[@pntd.0007997.ref013]\], providing little information on the effects of heatwaves (sustained high temperatures). There is abundant evidence that heatwaves increase the risk of morbidity and mortality from non-infectious diseases such as cardiovascular and respiratory diseases \[[@pntd.0007997.ref039]\]. High temperatures during heatwaves could have negative effects on human cardiovascular, respiratory and immune functions \[[@pntd.0007997.ref040], [@pntd.0007997.ref041]\], which likely increase the population's vulnerability to infectious diseases such as dengue. In the light of longer and more frequent heatwaves expected as a result of climate change \[[@pntd.0007997.ref008]\], more research is required to unmask how heatwaves affect mosquito population and biting behaviours, as well as other conditions in favour of dengue transmission such as population movement and imported dengue cases.

To the best of our knowledge, this is the first study to link heatwaves to dengue outbreaks. If our findings can be confirmed in other regions of the globe, heatwaves could be used for the development of early warning system. We also demonstrated different non-linear relationships between temperature and dengue incidence during different outbreaks. Relevant results such as temperature thresholds will provide more specific guidance for the prevention and control of dengue. The dengue burden assessment will help policy makers, stakeholders, and health researchers to evaluate the cost-effectiveness of health policies and intervention measures.

Some limitations of this study need to be acknowledged. First, this study was conducted in one city, limiting the generalizability of results to other regions with different characteristics. Second, only short-term effects of temperature were considered in the assessment of temperature-dengue association. We may have underestimated temperature-related dengue burden considering the long-term effects of temperature on dengue. Thirdly, we only used weekly data and were unable to quantify the onset, duration and frequency of heatwaves on the dengue incidence. Fourthly, due to the issue of data availability, we cannot stratify our data analysis by the serotypes of dengue, which warrants further investigation in future research \[[@pntd.0007997.ref042]\].

Conclusions {#sec013}
-----------

There is a non-linear short-term relationship between temperature and dengue incidence, varying by the level of outbreaks. A large number of dengue cases can be attributed to temperature. This study also suggests that heatwaves may delay the timing of dengue outbreaks and increase the magnitude of outbreaks. If the relationship between heatwave and dengue is confirmed by other studies, these findings may facilitate the development of early warning systems for controlling and preventing dengue transmission.

Supporting information {#sec014}
======================

###### Model's goodness-of-fit check for small dengue outbreaks.

(TIF)

###### 

Click here for additional data file.

###### Model's goodness-of-fit check for medium dengue outbreaks.

(TIF)

###### 

Click here for additional data file.

###### Model's goodness-of-fit check for large dengue outbreaks.

(TIF)

###### 

Click here for additional data file.

###### Exposure-response relationship between rainfall and risk of dengue.

Black lines indicate the relative risk and the shaded area the 95% confidence interval; dotted lines are the threshold temperature with the highest relative risk.

(TIF)

###### 

Click here for additional data file.

###### Exposure-response relationship between week temperature variation and risk of dengue.

Black lines indicate the relative risk and the shaded area the 95% confidence interval; dotted lines are the threshold temperature with the highest relative risk.

(TIF)

###### 

Click here for additional data file.

###### Exposure-response relationship between temperature and risk of dengue, using different thresholds for outbreak definition.

(TIF)

###### 

Click here for additional data file.

###### Estimated relative risk of heatwaves on dengue incidence, using different heatwave definitions.

y-axis represents the relative risk; x-axis represents the lag weeks from 0 to 20; Three heatwave definitions were used including: (1) seven or more days with temperature exceeding 90th percentile of daily temperature distribution; (2) two or more days with temperature exceeding 99th percentile of daily temperature distribution; and (3) three or more days with temperature exceeding 99th percentile of daily temperature distribution.

(TIF)

###### 

Click here for additional data file.
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Reviewer \#2: The objective of the study is clearly stated although there is no testable hypothesis provided. The population has been described with mention of what is known of the disease prevalence. The sample size is sufficient though the geographical coverage is not wide enough to allow for wider applicability of the findings. There are no concerns on the ethical requirements.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Results**

-Does the analysis presented match the analysis plan?

-Are the results clearly and completely presented?

-Are the figures (Tables, Images) of sufficient quality for clarity?

Reviewer \#1: Results are good. As stated in attached Word doc, needs some work (Fig 5 I can\'t read) and perhaps an additional one or two results would be of general interest.

Reviewer \#2: Results are clearly presented and match the analysis plan with good quality figures generated and provided.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Conclusions**

-Are the conclusions supported by the data presented?

-Are the limitations of analysis clearly described?

-Do the authors discuss how these data can be helpful to advance our understanding of the topic under study?

-Is public health relevance addressed?

Reviewer \#1: Yes, again perhaps addition of one or two limitations, especially with regard to serotype and herd immunity.

Reviewer \#2: Specific comments

1\. The authors state clearly how high temperatures that occur as heatwaves affect occurrence of dengue outbreaks in the following lines; "Line 350: we found that temperature was responsible for a large number of dengue cases". Then goes on to state in line 367: Noticeably, heatwaves had a much longer delayed effect on large dengue outbreaks than small and medium outbreaks" and line 371 that These findings may suggest that not only have heatwaves delayed the timing of dengue outbreak but also increased the magnitude"

It is unclear to me (and possibly for other readers who will be interested in this work) how the delay is conceived. What would have been the expected timing of the outbreaks following a heat wave? If increased magnitude of outbreak is bad as would be expected, is increased delayed outbreak a good thing? How can this delay be explained in terms of disease incidence vis a vis rise in temperature and what are the implications to public health?

2\. In an attempt to provide biotic explanation to the model, authors have made statements that need clarification. In line 375 "long-lasting high temperatures affect the mosquito population and in line 376 "High temperatures during heatwaves may exceed the threshold for mosquito survival and mosquito population would be greatly reduced". How would this result in increased cases or outbreaks? It sounds like it would have the opposite effect.

In real life scenario, increased temperature can affect mosquito population negatively if the relative humidity is low. However, in high humidity, mosquito survival would not be much affected, but the high temperature would increase the virus development time (extrinsic incubation period, EIP) in the mosquito hence increasing the transmission rate. This can be considered in explaining the effect of temperature on transmission hence increased outbreaks.

3\. The authors should explain how these findings have relevance to dengue outbreak prevention and response.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Editorial and Data Presentation Modifications?**

Use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity. If the only modifications needed are minor and/or editorial, you may wish to recommend "Minor Revision" or "Accept".

Reviewer \#1: Please see attached doc.

Reviewer \#2: Revisions should entail clarification of issues raised in the conclusion above.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

**Summary and General Comments**

Use this section to provide overall comments, discuss strengths/weaknesses of the study, novelty, significance, general execution and scholarship. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. If requesting major revision, please articulate the new experiments that are needed.

Reviewer \#1: Please see attached doc

Reviewer \#2: Overall general comments; The paper is well written and addresses a re-emerging disease of growing public health concern that is greatly influenced by climatic factors. There are a few grammatical errors that the authors can address by having a third party read through for language editing. Apart from addressing the specific comments mentioned above which will clarify and improve the manuscript, I find the paper is suitable for publication in PLOS NTD.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosntds/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Richard Paul

Reviewer \#2: Yes: Rosemary Sang
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16 Dec 2019

Dear Mr Hu,

We are pleased to inform you that your manuscript, \"Heatwaves and dengue outbreaks in Hanoi, Vietnam: new evidence on early warning\", has been editorially accepted for publication at PLOS Neglected Tropical Diseases.

Before your manuscript can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please note: your manuscript will not be scheduled for publication until you have made the required changes. One of the reviewers has also made some recommendations regarding additional minor edits to improve the clarity of certain portions of the manuscript that we also ask you to address during final editing for publication.  

IMPORTANT NOTES

\* Copyediting and Author Proofs: To ensure prompt publication, your manuscript will NOT be subject to detailed copyediting and you will NOT receive a typeset proof for review. The corresponding author will have one final opportunity to correct any errors when sent the requests mentioned above. Please review this version of your manuscript for any errors.

\* If you or your institution will be preparing press materials for this manuscript, please inform our press team in advance at <plosntds@plos.org>. If you need to know your paper\'s publication date for media purposes, you must coordinate with our press team, and your manuscript will remain under a strict press embargo until the publication date and time. PLOS NTDs may choose to issue a press release for your article. If there is anything that the journal should know, please get in touch.

\*Now that your manuscript has been provisionally accepted, please log into EM and update your profile. Go to <http://www.editorialmanager.com/pntd>, log in, and click on the \"Update My Information\" link at the top of the page. Please update your user information to ensure an efficient production and billing process.

\*Note to LaTeX users only - Our staff will ask you to upload a TEX file in addition to the PDF before the paper can be sent to typesetting, so please carefully review our Latex Guidelines \[<http://www.plosntds.org/static/latexGuidelines.action>\] in the meantime.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Neglected Tropical Diseases.

Best regards,

David W.C. Beasley

Associate Editor

PLOS Neglected Tropical Diseases

Scott Halstead

Deputy Editor

PLOS Neglected Tropical Diseases

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

Reviewer\'s Responses to Questions

**Editorial and Data Presentation Modifications?**

Use this section for editorial suggestions as well as relatively minor modifications of existing data that would enhance clarity. If the only modifications needed are minor and/or editorial, you may wish to recommend "Minor Revision" or "Accept".

Reviewer \#1: I thank the authors for their careful consideration of my previous comments/suggestions. It now reads very well and is very clear.

However, the paper could do with a thorough check of the English. With no disrespect intended to the English of the main authors, perhaps some of the middling native English speakers could read this through as well. Fresh eyes to spot the errors.

For example (and there are issues throughout, albeit minor)

In the abstract

Conclusions: The short-term association between temperature and dengue risk varied by

52 the level of outbreaks and temperature seem more likely affect large outbreaks. Moreover,

53 heatwaves may delay the timing and increase the magnitude of dengue outbreaks.

Highlighted sentence doesn't make sense. The "seem more likely affect large outbreaks" hangs on its own.

Author summary

73 such as El Niño event and extreme hot summer can affect dengue incidence rate

"event... summer ..... rate" should be plural

....... Many other examples throughout

"Finally" Figure 5 legend shows "Dealyed...."

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosntds/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: Rick Paul

10.1371/journal.pntd.0007997.r004
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13 Jan 2020

Dear Mr Hu,

We are delighted to inform you that your manuscript, \"Heatwaves and dengue outbreaks in Hanoi, Vietnam: new evidence on early warning,\" has been formally accepted for publication in PLOS Neglected Tropical Diseases.

We have now passed your article onto the PLOS Production Department who will complete the rest of the publication process. All authors will receive a confirmation email upon publication.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any scientific or type-setting errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript. Note: Proofs for Front Matter articles (Editorial, Viewpoint, Symposium, Review, etc\...) are generated on a different schedule and may not be made available as quickly.

Soon after your final files are uploaded, the early version of your manuscript will be published online unless you opted out of this process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Neglected Tropical Diseases.

Best regards,

Serap Aksoy

Editor-in-Chief

PLOS Neglected Tropical Diseases

Shaden Kamhawi

Editor-in-Chief

PLOS Neglected Tropical Diseases
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